Introduction
[2] North America is a major source of anthropogenic trace gases and aerosols to the global atmosphere [Intergovernmental Panel on Climate Change (IPCC), 2001]. The International Consortium on Atmospheric Transport and Transformation (ICARTT) campaign, to be conducted in July -August 2004, will characterize North American chemical outflow through extensive measurements of greenhouse gases, oxidants, aerosols, and their precursors from several aircraft platforms based in the eastern United States. Successful execution of the campaign and interpretation of the data requires an understanding of the pathways and mechanisms for the outflow. We address this issue here with a global three-dimensional (3-D) chemical transport model (CTM) applied to simulations of four past summers (1998, 2000, 2001, 2002) and including an assessment of the value of satellite measurements of CO (MOPITT) and aerosols (MODIS) for observing North American outflow.
[3] Midlatitude cyclones drive most of the outflow from North America to the North Atlantic, even in summer when they are relatively weak [Dickerson et al., 1995; Merrill and Moody, 1996; Moody et al., 1996] . The summertime cyclones form in the lee of the Rocky Mountains and along the mid-Atlantic east coast [Zishka and Smith, 1980; Whittaker and Horn, 1984] . They propagate eastward and poleward before weakening south of Greenland. The associated surface cold fronts sweep southeastward across the eastern United States. There are four basic types of airstreams associated with a midlatitude cyclone: the warm conveyor belt (WCB) ahead of the cold front, the cold conveyor belt (CCB), the dry airstream (DA) subsiding behind the cold front, and the post cold front (PCF) boundary layer airstream [Carlson, 1980; Browning and Monk, 1982; Browning and Roberts, 1994; Carlson, 1998; Cooper et al., 2001; Cooper et al., 2002a Cooper et al., , 2002b .
[4] Convection has also long been recognized as an effective mechanism for ventilating the continental boundary layer of the United States and providing a direct conduit to the upper troposphere [Dickerson et al., 1987; Pickering et al., 1988 Pickering et al., , 1992 Jacob et al., 1993; Thompson et al., 1994] . Convection is particularly important for ventilating the southeastern United States in summer, as the WCBs from the midlatitude cyclones generally do not extend that far south. This convective outflow can then remain for several days over the United States in a circulation around a semipermanent upper-level anticyclone, leading to high concentrations of ozone.
[5] In the present work we first conduct a 4-year simulation of carbon monoxide (CO) with the GEOS-CHEM CTM to examine the interannual variability of North American pollution outflow. CO is emitted by incomplete combustion and is also produced within the atmosphere by oxidation of hydrocarbons. It has a lifetime in the atmosphere of about 2 months against oxidation by OH, making it a sensitive tracer for long-range transport of pollution [Staudt et al., 2001; Liu et al., 2003] . We then focus on examining the impact of upper-level anticyclone on convective outflow in the southern United States.
Model Description
[6] The GEOS-CHEM CTM is driven by assimilated meteorological data with 6-hour resolution (3-hour for surface variables and mixing depths) from the Goddard Earth Observing System (GEOS-3) of the NASA Data Assimilation Office (DAO). The first description of GEOS-CHEM as applied to simulation of tropospheric ozone-NO x -hydrocarbon chemistry was presented by Bey et al. [2001a] . Other applications have focused on CO Palmer et al., 2003a] and aerosols [Park et al., 2003 [Park et al., , 2004 Model study of the variability and trends of carbon monoxide (1988 -1997) : 1. Model formulation, evaluation, and sensitivity, submitted to Journal of Geophysical Research, 2005, hereinafter referred to as Duncan et al., submitted manuscript, 2005] . Applications to North American outflow of ozone, CO, and nitrogen oxides were presented by Li et al. [2002a Li et al. [ , 2002b Li et al. [ , 2004 . We use here GEOS-CHEM version 5.04 (available at http://www-as.harvard.edu/chemistry/trop/ geos), which includes a simulation of aerosol chemistry coupled to ozone-NO x -hydrocarbon chemistry [Park et al., 2004] .
[7] The GEOS-3 meteorological data are available at 1°Â 1°horizontal resolution and 48 s vertical levels. The boundary layer up to 2 km is resolved by nine layers with midpoints at 10, 45, 115, 220, 370, 580, 870, 1250 , and 1740 m altitude for a column based at sea level. We present here global GEOS-CHEM simulations of CO conducted at 2°Â 2.5°resolution (i.e., by degrading the meteorological data from 1°Â 1°to 2°Â 2.5°) for the summers of 1998, 2000, 2001, and 2002 . We also present a coupled ozone-aerosol full-chemistry simulation at 1°Â 1°resolution for the summer of 2000 with a nested model version for North America and the adjacent oceans (10 -60°N, 40 -140°W) using dynamic boundary conditions from a global 4°Â 5°simulation. A detailed description of this one-way nesting in the GEOS-CHEM model is given by Wang et al. [2004] . All simulations presented here were conducted for 6 months (March -August) using standard GEOS-CHEM model output as initial conditions. The first 3 months were used for initialization, and we focus our attention on results for June -August.
[8] The model includes over 80 chemical species and 300 reactions to describe tropospheric ozone-NO x -hydrocarbonsulfur chemistry. The aerosol simulation is described by Park et al. [2003 Park et al. [ , 2004 and includes sulfate-nitrateammonium and carbonaceous aerosols. For sea salt and soil dust aerosols we use monthly mean fields for 1997 from the GOCART CTM [Ginoux et al., 2001; Chin et al., 2002] . Wet deposition of soluble gases and aerosols in GEOS-CHEM is described by Liu et al. [2001] and includes scavenging from convective updrafts, rainout from convective anvils, and rainout and washout from large-scale precipitation.
[9] Our CO simulation uses the same CO sources in all 4 years in order to focus on variability in transport. CO sources in the model include fossil fuel and biofuel combustion, biomass burning emissions, and chemical production from atmospheric oxidation of methane, isoprene, and other volatile organic compounds (VOCs). Aseasonal fuel emissions for 1998 are taken from Duncan et al. (submitted manuscript, 2005) . Biomass burning emissions are from the Duncan et al. [2003] climatology with 1°Â 1°spatial resolution and monthly temporal resolution. This climatology includes large forest fires in Canada and the western United States in summer. In the nested simulation for summer 2000, we use specific biomass burning emissions for that year from Duncan et al. [2003] , again with monthly temporal resolution. Compared with the climatology, the summer of 2000 had few boreal forest fires in Canada but large forest fires in the northwestern United States in July and August.
[10] The major sink for CO is reaction with OH. The COonly simulations presented here use archived OH fields from a full chemistry simulation, as was done previously by Bey et al. [2001b] . To identify source regions and types contributing to the North American outflow, we transport separately in the model a suite of CO tracers, i.e., ''tagging'' emissions from different source regions and types, a technique that has been used previously in a number of GEOS-CHEM applications [Bey et al., 2001b; Li et al., 2002a; Liu et al., 2003] . We use here four geographical tracers for anthropogenic emissions (North America, Asia, Europe, and the rest of the world) and two for biomass burning (North America and the rest of the world). Since our simulation of CO is linear, the sum of the separate tracers is close to the total simulated CO concentrations, not exactly so because of small nonlinearities in transport.
Observations
[11] We will compare here the GEOS-CHEM fields to CO columns from MOPITT and to AODs from MODIS and from the AERONET network. Both MOPITT and MODIS are aboard the Terra satellite in Sun-synchronous polar orbit with 1030 local time overpass (another MODIS instrument is on board the Aqua satellite but those data were not used here). MOPITT observes the infrared emission of CO in the nadir and obtains 1 -2 pieces of information on the vertical profile weighted toward the middle and upper troposphere [Deeter et al., 2003; Heald et al., 2003] . Previous comparisons of GEOS-CHEM to MOPITT were presented by Heald et al. [2003] in a study of Asian outflow and transpacific transport of pollution and by Arellano et al. [2004] in a global inverse analysis of CO sources. For comparison with MOPITT, we sample GEOS-CHEM along the satellite orbit track and only for scenes with successful retrievals (clear skies). Following Heald et al. [2003] , we focus on the column CO data and apply the MOPITT averaging kernels for the individual retrievals to the GEOS-CHEM vertical profiles. [12] Simulated CO columns are 14% too high relative to MOPITT values, particularly over the source regions such as the Middle Atlantic states, the Gulf Coast, and the Los Angles Basin and downwind of these source regions (Figure 2 ). Comparison of MOPITT and model simulated vertical profiles over the region defined by 75°-85°W, 40°-45°N (Maryland, Delaware, New Jersey, and Pennsylvania), where the discrepancy is largest, shows that model simulated CO concentrations are higher by 20-40 ppb than MOPITT retrievals. This discrepancy may partly be explained by the relatively low sensitivity of MOPITT in the lower tropoposphere, particularly in the boundary [Heald et al., 2003] . Applying the MOPITT averaging kernel bringing model simulated boundary layer [13] MODIS uses observations of solar backscatter in seven spectral channels (470 -2100 nm) for its AOD retrieval Tanré et al., 1997] . Validation with the AERONET surface network indicates retrieval errors of DAOD = ±0.05 ± 0.2AOD over land [Chu et al., 2002] and of DAOD = ±0.03 ± 0.05AOD over ocean . Since MODIS provides about 95% coverage of the Earth in a day [Chu et al., 2003 ], we do not attempt to resolve orbit tracks and simply sample the model globally for that particular day at 0900 -1200 local time. We calculate the AOD in GEOS-CHEM from the mass concentration and extinction efficiency for each aerosol type following Martin et al. [2003] . Aerosol properties assumed in the model may be different from those assumed in the MODIS retrieval, but we do not attempt to take into account this difference. influence over the North Atlantic as compared with MOPITT reflects scavenging of aerosols. The unusually high values east of Newfoundland are likely due to cloud contamination. Dusty regions of the western United States, where MODIS also observes high values, are known to be subject to large retrieval errors [Chu et al., 2003] .
[14] Sites of the AERONET network make direct solar radiation measurements at 340-1020 nm wavelengths with Sun-sky scanning spectral radiometers [Holben et al., 1998 ]. We use here AODs reported at 440 nm. Figure 3 compares simulated versus observed time series of AERONET AODs at Wallops Island, Virginia (75.5°W, 37.9°N). Model values are also for 440 nm and are averages for 0900 -1200 local time. The model captures the major pollution episodes seen in the observations; the arrow indicates a specific event to be discussed in the text.
North American Outflow Pathways

Meteorological Setting
[15] Summertime cyclones over North America are generally located farther north than their cold-season counterparts and are less frequent. The summer maximum of cyclone activity is between 45°N and 55°N, with the maximum frequency found in the James Bay area of Canada and off the Labrador coast [Zishka and Smith, 1980; Whittaker and Horn, 1984] . The cyclones form in the lee of the Rocky Mountains and over the mid-Atlantic coast of the United States. There are four main cyclone tracks: two across central Canada merging over James Bay, one across the northern United States, and a fourth along the mid-Atlantic coast. As the cyclones track northeastward, the associated surface cold fronts sweep southeastward across eastern North America. South of 35°N, the cold fronts often become stationary and dissipate as the temperature contrast across the front decreases. As a result, the WCBs associated with the cold fronts generally originate in the central United States [Stohl, 2001; Eckhardt and Stohl, 2004] and extend northeastward, ending in the upper troposphere over the Canadian Maritime Provinces and Newfoundland.
[16] Figure 4 shows GEOS-3 winds at 950 hPa and 500 hPa for July of the 4 simulation years. At 950 hPa winds are weak and disorganized over the eastern United States. Northwesterly flow prevails from Manitoba to the Great Lakes and the northeast coast, strongest in 1998, while southwesterly flow prevails from the northeast coast to the Canadian Maritime Provinces and Newfoundland. A prominent feature of the circulation over the United States is the strong low-level jet transporting air and moisture from the Gulf of Mexico to the central United States up to about 45°N, weakest in 2002. The low-level jet and the surface heat low in summer lead to convergence and convection in the central United States, resulting in frequent occurrence of mesoscale convective complexes (MCCs) [Maddox, 1980] .
[17] At 500 hPa, a strong anticyclone dominates the south-central and southwestern United States. Previous climatological analyses have shown that this anticyclone is semipermanent in summer due to intense surface heating [Bell and Bosart, 1989; Parker et al., 1989] . It only occasionally breaks open. As will be discussed in section 5, this anticyclonic circulation has important implications for the fate of convective outflow over the United States. The anticyclone, the strong upper-level Hudson Bay Low, and the northward expansion of the subtropical Bermuda high result in a wave-like flow pattern at 500 hPa. Northwesterly flow prevails from Manitoba to the northeast coast, while southwesterly flow dominates from the northeast coast to the Canadian 
Interannual Variability of North American Outflow
[18] Figure 5 shows July monthly mean horizontal fluxes of North American anthropogenic and biomass burning CO averaged over the 1000 -700 hPa column for the 4 simulation years. These fluxes were calculated from the tagged CO tracer simulation (section 2). Strong CO fluxes across the east coast of North America span a wide latitude range between 30°N and 55°N, consistent with a previous study of North American outflow to the North Atlantic by Whelpdale et al. [1984] . The northeastern United States, the Canadian Maritime Provinces, and Newfoundland are heavily influenced by anthropogenic outflow, which is strongest in 1998 and 2002 and weakest in 2001, reflecting the different strength of the respective winds (Figure 4 ). Biomass burning CO, mainly emitted in boreal Canada and the northwestern United States in summer, is transported first southeastward to the Great Lakes region and the northeast United States and then northeastward to the Canadian Maritime Provinces and Newfoundland. Biomass burning influence reaches the southeast United States in July 2000 and 1998 but not significantly in the other 2 years. Previous studies have shown that Canadian forest fire emissions can cause major enhancements of CO and aerosols in the southeastern United States in summer [Wotawa and Trainer, 2000; Park et al., 2003; Lamarque et al., 2003] . Biomass burning outflow is strongest in 1998 and 2002.
[19] The West Coast of the United States is a major anthropogenic source. The main export route from this region is northward to 45 -50°N, then eastward to the midwest, and eventually merging with the east coast pollution outflow. About half of this export takes place in the free troposphere above 3 km. Only a small fraction of the West Coast pollution is exported southwest to the Pacific where it enters the large-scale transport around the Pacific High. The latter mechanism is known to cause events of long-range transport of North American pollution to Hawaii in summer [Galasyn et al., 1987; Moxim, 1990; Balkanski et al., 1992] , but it is in fact only a minor outflow pathway. Pollution from the Gulf coast and Texas is similarly transported to 45-50°N by the low-level jet followed by eastward transport to the Great Lakes region and the northeast United States, merging there with the east coast outflow. This is an important export route for the Gulf Coast pollution in addition to convective outflow.
[20] Figure 6 shows mean North American CO vertical fluxes at 3 km in July for the four simulation years. Here North American CO refers to CO originating from both anthropogenic and biomass burning emissions over the continent. Deep convection is most active over the Midwest, the Gulf Coast, and the east coast. It lifts surface pollution to the upper troposphere from where it is generally transported northeastward. However, we find that surface pollution convected to the upper troposphere over the central and southeast United States tends to circulate around the upperlevel southwestern U.S. anticyclone (Figure 4 , bottom) and can age for several days over the United States, as will be further discussed in section 5.
[21] Figure 7 shows the simulated latitude-altitude cross section at 70°W (roughly along the east coast) of monthly mean concentrations and eastward fluxes of North American CO for July. In all 4 years, North American pollution influence is strongest at 35°-50°N in the boundary layer and at 30°-40°N in the upper troposphere. The tagged tracer simulations show that both reflect anthropogenic emissions. The same simulations also indicate that biomass burning influence is strongest at 40°-55°N in the boundary layer. Case studies have shown that smoke from large fires can be injected to altitudes as high as 15 km by supercell convection [Fromm and Servranckx, 2003] . Data on forest fire plume heights, not yet available, are required for a more realistic simulation of biomass burning emission influence. Table 1 compares the strength of North American CO outflow in the 4 simulation years. Outflow is strongest in 1998 both in the boundary layer and in the free troposphere and weakest in 2001. North American CO outflow in the boundary layer accounts for 33%, 31%, 28%, and 35% of the total eastward export.
[22] We also compared the frequency and intensity of North American outflow events in July of the 4 simulation years by examining time series of North American CO concentrations along the east coast. 
Episodic North American Outflow
[23] Export from North America is highly episodic, associated with the passage of cold fronts and convective activity [Cooper et al., 2001] . We find 21 outflow events associated with frontal passages during the summer of 2000, for a mean recurring frequency of every 4 to 5 days. We find that the most typical North American outflow pattern in summer is associated with cyclones tracking from the Great Lakes region to Newfoundland and the associated surface cold fronts sweeping across the northeastern United States. Here we illustrate one such event that took place on 3 -6 July and terminated a regional pollution episode.
[24] Pollution episodes in the eastern United States are associated with weak anticylones [Logan, 1989] , and such were the conditions on the days preceding 3 July. The pollution episode over the east coast is indicated by the elevated CO columns on 2 -3 July (Figure 9, top) . Enhanced CO columns are seen over and to the east of Newfoundland due to a previous outflow event. On 4 July the high pressure over the eastern United States began to give way as low pressure forming over James Bay moved southeastward. The low intensified into a cyclone and the associated surface cold front swept southeastward across the northeastern United States. On 5 July the cyclone was [25] Figure 10 shows simulated CO concentrations at 950 on 5 July. The sharp change in the direction of the 950 hPa wind indicates the location of the surface cold front. There was WCB outflow ahead of and boundary layer outflow behind the surface front. High AODs were seen by MODIS in the boundary layer outflow (Figure 9 , bottom). MODIS does not provide aerosol data in regions covered by clouds, but model AODs indicate transport in the WCB at 33-37°N along the east coast. AERONET AODs at Wallops, Virginia increased from 0.2 on 2 July to over 0.8 on 3 July during the pollution episode and decreased back to 0.2 on 5 -6 July (Figure 3) as the cold front passed through.
[26] We find that boundary layer outflow is capped below 3 km altitude, with highest concentrations reaching 240, 90, and 5 ppb below 2 km for CO, ozone, and sulfate, respectively. The WCB outflow reached 8 -10 km altitude in the upper troposphere over the Gulf of St. Lawrence, where ozone concentrations are still elevated (80 ppb) while sulfate is depleted. A subsiding tongue of high ozone from the upper troposphere is seen behind the cold front, reaching down to 4 km, associated with the dry intrusion behind the cold front [Cooper et al., 2001; Cooper et al., 2002a] .
Anticyclonic Circulation of Convective Outflow in the Upper Troposphere
[27] In summer, and particularly in July and August, the upper-level flow over the southern United States is dominated by a semipermanent subtropical anticyclone (section 4.1). Convective outflow to the upper troposphere, as frequently occurs over the central and southeastern United States in summer (Figure 6 ), can circulate around this anticyclone for several days. Figure 11 shows the GEOS-CHEM monthly mean horizontal flux of North American anthropogenic CO averaged over the upper tropospheric 400-150 hPa column for July 2000. Circulation of pollution around the upper-level anticyclone is [28] Figure 12 shows simulated monthly mean CO and ozone concentrations at 300 hPa for July 2000. The CO maximum over the Gulf Coast corresponds to a region of strong deep convection (Figure 6 ). Biogenic isoprene emissions are also high in this region [Palmer et al., 2003b] and make a dominant contribution to the CO enhancement (Figure 12 ). The ozone maximum is shifted to the west over Texas relative to CO, reflecting production in the upper troposphere during circulation around the anticyclone. Also shown in Figure 12 are the simulated enhancements of CO and ozone at 300 hPa from North American anthropogenic, biogenic, and lightning emissions, as determined by difference with sensitivity simulations where these emissions are shut off separately. We see that the ozone enhancement is mostly anthropogenic; about 75% of this anthropogenic contribution is due to production in the lower troposphere followed by convective pumping, with the remainder produced in the upper troposphere. Biogenic and lightning emissions also make significant contributions to the ozone enhancement, mainly by production in the upper troposphere as discussed further below, and are responsible for the westerly shift of the ozone maximum. Stratospheric influence contributes up to 10 ppb ozone over Texas, reflecting subsidence associated with the upper-level anticyclone. Overall, the combination of factors contributing to this ozone maximum are remarkably similar to that we previously discussed as responsible for the upper tropospheric ozone maximum over the Middle East in summer [Li et al., 2001] . Both are found in upper-level anticyclones downwind of deep convective regions with high emissions of anthropogenic precursors.
[29] Figure 13 shows the simulated net ozone production rates and concentrations of NO x (the sum of NO and NO 2 ), CH 2 O, and HO x (the sum of OH and peroxy radicals) at 300 hPa for July 2000. Ozone production rates of up to 10 ppb day À1 are found over the convective regions, consistent with previous model values reported for deep convective outflow over the United States [Pickering et al., 1990 [Pickering et al., , 1992 . NO x concentrations are 150 -300 ppt over much of the eastern United Sates, of which lightning contributes 50 -100 ppt and the rest is anthropogenic. Concentrations of HO x radicals are as high as 10 ppt over the southeastern United States, reflecting photolysis of CH 2 O originating from biogenic isoprene [Lee et al., 1998; Palmer et al., 2003b] and convectively pumped to the upper troposphere. Dominance of convectively lifted CH 2 O as a source of the HO x over the southeastern United States in summer has previously been suggested in a global model study by Müller and Brasseur [1999] . We find in the model that primary HO x production, P(HO x ) as defined by Jaeglé et al. [2001] exceeds 2000 ppt day À1 in the upper troposphere. This value of P(HO x ) together with the NO x concentrations of 150-300 imply a NO x -limited chemical regime for ozone production in the upper troposphere [Jaeglé et al., 2001] . This NO x -limited regime is manifested in the spatial correlation of ozone production and NO x concentration in Figure 13 . Nevertheless, the coincidence of high isoprene emissions and frequent deep convection over the southeastern United States plays a major role in driving ozone production in the upper troposphere.
[30] The role of isoprene-generated CH 2 O in driving ozone production in the upper troposphere becomes even larger if NO x emissions from lightning are increased. Lightning represents the largest uncertainty among the various NO x sources [Price et al., 1997; Nesbitt et al., 2000; Tie et al., 2002] . Lightning NO x emissions in GEOS-CHEM are parameterized as a function of deep convective cloud top [Price and Rind, 1992; Wang et al., 1998 ] to yield a global source of 6 Tg N yr À1 [Martin et al., 2002] . This global estimate is constrained to reproduce observed ozone and NO y concentrations in the tropics but there is no effective constraint for emissions over the United States. Lightning emissions could possibly be much higher there as anthropogenic aerosols stimulate lightning activity, especially in summer [Orville et al., 2001; Steiger et al., 2002; Steiger and Orville, 2003] . In addition, process-based models for lightning NO x generation give a range of 5-25 Tg N yr
À1
for the global source [Price et al., 1997] . We conducted a sensitivity simulation with lightning NO x emissions over North America increased by a factor of four relative the standard simulation. Figure 14 shows the resulting net ozone production rates and concentrations of NO x , CH 2 O, and HO x at 300 hPa for July 2000. Ozone production rates are enhanced over the convective regions with maxima reaching 12-17 ppb day
. NO x concentrations are above 400 ppt over much of the eastern United States with maxima over major lightning source regions. HO x concentrations decrease by 25 -30% relative to the standard simulation because of losses from the NO 2 + OH and Figure 13 . Simulated ozone net production and concentrations of NO x , CH 2 O, and HO x at 300 hPa for July 2000. NO x is the sum of NO and NO 2 , and HO x is the sum of OH and peroxy radicals.
HNO 3 + OH reactions [Jaeglé et al., 2001] . HO x loss due to the HNO x + OH reaction is less important because of the competing photolysis of HNO x in the near infrared [Roehl et al., 2002; Salawitch et al., 2002] . The chemical regime for ozone production is now NO x -saturated [Jaeglé et al., 2001] . Thus the highest ozone production rates correspond to the region of highest HO x concentrations in Figure 14 . The ozone enhancement in the upper troposphere (not shown) has the same pattern as in the standard simulation, with a maximum over Texas, reflecting ozone production during the circulation around the upper-level anticyclone.
[31] There is some evidence from ozonesonde profiles for such an enhancement of ozone in the upper troposphere over the southern United States in summer. Ozonesonde profiles over Huntsville, Alabama (34.7°N, 86 .5°W) show a distinct July -August enhancement in the upper troposphere above 400 hPa, with ozone concentrations over 80 ppb [Newchurch et al., 2003] . This enhancement starts in late June and disappears in September, corresponding with the timing of the upper-level anticyclone (see section 4.1). Figure 15 shows the four ozonesonde profiles measured by Newchurch et al. [2003] over Huntsville in July 2000. Also shown are the simulated monthly ozone vertical profile from the standard simulation (with anthropogenic, biogenic, and lightning enhancements indicated) and from the simulation with lightning Â4 emissions. Ozone concentrations in the upper troposphere are over 80 ppb in the observations and about 70 ppb in the standard simulation. Increasing lightning emissions by a factor of 4 corrects the discrepancy. However, the discrepancy could also arise from a model underestimate of stratospheric influence in regions of preferential downwelling [Hudman et al., 2004] .
Summary and Conclusions
[32] We have used a global 3-D chemical transport model driven by assimilated meteorological observations (GEOS-CHEM) to examine export pathways for North American pollution to the Atlantic in summer. Simulations of CO for 4 years (1998, 2000, 2001, and 2002) with 2°Â 2.5°h orizontal resolution were used to examine mean outflow patterns and interannual variability. A higher-resolution (1°Â 1°) simulation of tropospheric ozone-aerosol chemistry for the summer of 2000 was used to characterize the various types of outflow events and their differential impact on CO, ozone, and aerosols. We also examined the value of satellite observations of CO columns from Figure 14 . Same as Figure 13 , but from a simulation with lightning NO x emissions over North America increased by a factor of four from the standard simulation.
MOPITT and aerosol optical depths (AODs) from MODIS toward diagnosing North American outflow.
[33] We find that North American anthropogenic outflow to the Atlantic occurs over a broad latitude range (30 -55°N), covering much of the east coast. Forest fires in Canada and the western United States are occasional contributors to the outflow. Deep convective outflow takes place preferentially over the U.S. Midwest, the Gulf Coast, and the east coast. Pollution from the West Coast is principally transported north to 45-50 N and then east, merging with the eastern U.S. pollution outflow to the Atlantic. Outflow in the boundary layer accounts for about 30% of the total export of North American CO.
[34] Outflow of North American pollution to the North Atlantic is driven principally by midlatitude cyclones that form in the lee of the Rocky Mountains and generally propagate northeastward. The frequency of North American outflow events is about 5-7 per month in summer. The associated surface cold fronts move southeastward and tend to dissipate south of 35°N. The warm conveyor belts (WCBs) associated with the cold fronts originate generally north of 30°N and extend northeastward. They lift pollution from the central and northeastern United States but usually do not reach the southeastern United States. The ascending motion in the WCBs reaches the upper troposphere over Newfoundland. Additional strong outflow takes place in the boundary layer behind the cold fronts.
[35] Deep convection plays an important role in ventilating the central and southeastern United States in summer. The semipermanent anticyclone centered in the upper troposphere over the southern United States can circulate this convective outflow over the United States for several days before eventual export to the Atlantic. Rapid ozone production (up to 10 ppb day À1 ) takes place in the circulating outflow. This production is driven in part by anthropogenic and lightning NO x and in part by HO x radicals produced from convectively lifted CH 2 O that originates from biogenic isoprene. It takes place near the transition between NO xlimited and NO x -saturated regimes for ozone production. We thus predict a large anthropogenic maximum in ozone (>80 ppbv) in the upper troposphere across the southern United States. Some evidence for this maximum is apparent in ozonesonde observations over Alabama. 
